BACKGROUND: Haematobia spp., horn flies (HF) and buffalo flies (BF), are 25 economically important ectoparasites of dairy and beef cattle. Control of these flies 26 relies mainly on the treatment of cattle with chemical insecticides. However, the 27 development of resistance to commonly used compounds is compromising the 28 effectiveness of these treatments and alternative methods of control are required. 29
Wolbachia are maternally inherited endosymbionts of arthropods and filarial 95 nematodes 1 . They are estimated to infect nearly 40% of terrestrial arthropod species 96 8 to be highly invasive and they have often been classified as subspecies 35 . It is hard 168 to morphologically discriminate between them, whereas at the molecular level, 169 ribosomal genes are conserved, and mitochondrial genes have a relatively low 170 divergence of 1.8-1.9% 36 . The estimated loss associated with the HF alone to North 171 and South America is close to $US3.56B per annum 35, 37, 38 . Both HF and BF have 172 developed resistance to commonly used chemical insecticides and new methods are 173 required to reduce reliance on chemical controls in endemic areas and to prevent 174 invasion into new areas 35, 39, 40 . 175
Here we report the establishment of a HF embryonic cell line (HIE-18) isolated to 176 adapt Wolbachia to the Haematobia context before BF transinfection. We evaluated 177 the ability of HIE-18 to support growth and development of wMel and wMelPop 178
Wolbachia isolated from D. melonogaster cells, and wAlbB Wolbachia from mosquito 179 (Ae. albopictus) cells. Further, we analysed the host immune response by 180 investigating expression of genes from the Toll and Imd pathways and AMPs to 181 understand the early interactions between Wolbachia and the new host HIE-18 cells. 182
MATERIALS AND METHODS 183 2.1. Establishment of HF primary cell culture and young cell lines 184
Embryonated HF eggs were obtained from a laboratory colony reared in the 185 presence of antibiotics and maintained at the USDA/ARS lab in Kerrville, TX, USA 41 . 186 Eggs were sent to the University of Minnesota and processed following the protocol 187 described in Goblirsch et al. (2013) used for the successful establishment of an 188 embryonic cell line from Apis mellifera 42 . Briefly, HF eggs were surface disinfected 189 by sequentially rinsing in a 0.5% sodium hypochlorite and Tween 80 mix, 0.5 % 190 benzalkonium chloride, 70% ethanol and several times in sterile water to remove 191 residual chemicals. The eggs were finally rinsed three times with modified Leibovitz 192
Detection and quantification of Wolbachia in HIE-18 cells 285
DNA was isolated from cells using the Isolate II Genomic DNA kit (Bioline, NSW, 286 Australia) following the manufacturer's protocol. Detection of Wolbachia was carried 287 out by real-time PCR on a Rotor-Gene Q machine (Qiagen, Australia) using strain-288 specific primers and probes. Primers for wAlbB amplified the wsp gene (forward 289 primer:
5'-GGTTTTGCTGGTCAAGTA-3', reverse primer: 5'-290 GCTGTAAAGAACGTTGATC-3', probe: 5'-FAM-TGTTAGTTATGATGT 291 AACTCCAGAA-TAMRA-3') 46 , whereas the primers used for wMel amplified the 292 WD0513 gene (forward primer: 5'-CAA ATT GCT CTT GTC CTG TGG-3',reverse 293 primer:
5'-GGG TGT TAA GCA GAG TTACGG-3', probe: 5'-294
CyTGAAATGGAAAAATTGGCGAGGTGTAGG-BHQ-3') and the primers for 295 wMelPop targeted the IS5 element in WD1310 gene (forward primer: 5'-CTC ATC 296 TTT ACC CCG TAC TAA AAT TTC-3',reverse primer: 5'-TCT TCC TCA TTA AGA 297 ACC TCT ATC TTG-3', probe: 5'-Joe-TAG CCT TTT ACT TGT TTC CGG ACA 298 ACCT-TAMRA -3') 47 . The total volume of each reaction mix was 10 μl, containing 5 299 μl of the PrimeTime ® Gene Expression Master Mix (IDT, NSW, Australia), 0.5 μl 300 each of 10 μM forward and reverse primer, 0.25 μl of 5 μM probe and 3 μl of 301 genomic DNA. The optimised amplification conditions for wMel and wMelPop were 3 302 min at 95 o C followed by 45 cycles of 10 s at 95 o C, 15 s at 51 o C, and 15 s at 68 o C, 303 whereas for wAlbB, amplification was done for 3 min at 95 o C followed by 45 cycles 304 of 20 s at 94 o C, 20 s at 50 o C, and 30 s at 60 o C. 305
For relative quantification of the Wolbachia single-copy wsp gene (forward primer: 5-306 'TGG TCC AAT AAG TGA TGA AGA AAC-3', reverse primer: 5'-AAA AAT TAA 307 ACG CTA CTC CA-3') and the host GAPDH gene (forward primer: 5'-378_F_CCG 308 GTG GAG GCA GGAATGATGT-3', reverse primer: 5'-445_R 309 14 CCACCCAAAAGACCGTTGACG-3') were amplified 33 . Each sample was run in 310 triplicate on a Rotor-gene Q Instrument (Qiagen, Australia) with total reaction volume 311 of 10 μl containing 5 μl Rotor-Gene SYBR ® Green PCR Kit (Bioline, Australia), 0.3 μl 312 each of 10 μM forward and reverse primer and 2 μl of genomic DNA. Negative and 313 positive controls were run with all samples. The optimised thermocycling conditions 314 were initial incubation for 5 min at 95 o C followed by 45 cycles of 10 s at 95 o C, 15 s at 315 55 o C, and 15 s at 69 o C, acquiring green at the end of the step. The relative density 316
of Wolbachia was calculated using the delta-delta CT method 48 . 317
Effect of Wolbachia on population doubling time 318
Haematobia cells infected with wAlbB (wAlbB-HIE-18), wMel (wMel-HIE-18), 319
wMelPop (wMelPop-HIE-18) and non-infected cells (HIE-18) were dislodged by 320 pipetting and seeded at a density of 1.5 x 10 6 cells/mL into three different 25 cm 2 321 culture flasks. The flasks were incubated at 28 o C in Schneider's medium (Gibco Life 322 Technologies, Australia) supplemented with 10% FBS. The media were changed 323 every seven days. Cells were visualised under a Motic AE 30 inverted microscope 324 at 40X magnification with a Nikon model DS-L3 camera. A grid (2 cm X 2 cm) was 325 set up on the camera screen (Nikon, Sydney, Australia) for cell counting. Ten 326 randomly selected fields were counted for each flask at 24 h intervals from seeding 327 until they reached confluence >80% 42 . The experiment was replicated three times, 328 and data for cell density was plotted as the number of cells per cm 2 (+ SD) per day. 329
Upregulation of immune response genes in Haematobia cells 330
HIE-18 cells were sampled without infection and then at 12, 24, 36 and 48 h post-331 infection with wAlbB, wMel, and wMelPop. Total RNA extraction was performed 332 using the Isolate II RNA Mini Kit (Bioline, NSW, Australia) following the 333 15 manufacturer's protocol. Primers were designed as detailed below to target the H. 334 irritans innate immune genes cactus, relish, attacin, cecropin, and defensin. 335 Targeted gene sequences of D. melanogaster were collected from the Flybase web 336 server (https://flybase.org/) and searched on the NCBI database to find similar 337 sequences in Musca domestica, the closest species to Haematobia for which gene 338 sequences were available. Gene sequences from M. domestica were searched for 339 sequence similarity in the recently sequenced H. irritans genome (Accession 340 number: GCA_003123925.1) to find similar contigs. Finally, primers were designed 341 based on those contigs using Genious Prime software (See Table 1 
). A SensiFAST 342
Probe No-ROX One-Step Kit (Bioline, NSW, Australia) was used to carry out the 343 gene expression study following the manufacture's protocol with a Rotor-gene Q 344 Instrument (Qiagen, Australia). Melt curve analyses were performed in the range 55-345 90 o C to examine reaction specificity of the designed primers. All of the assays were 346 performed in triplicate. Gene expression was normalised to the host GAPDH gene, 347 and change in expression level was calculated using the delta-delta CT method 48 . 348
RESULTS 349

Features of HIE-18 cells isolated from HF embryos 350
Twenty-two primary cultures were made to initiate primary cell lines from HF eggs. In 351 some instances, a slight variation was made to cell establishment protocols, either 352 by changing the seeding quantity of the inoculant (50 -200 embryos) or centrifuging 353 cellular homogenate to remove the excess of yolk material. We expected that having 354 more cells from embryos would help in increasing cell-cell interaction, and extra yolk 355 material would provide the necessary nutritional support for cellular growth. 356
However, an excess of yolk material was found to interfere with cellular adherence in 357 the flasks. One culture of HIE-18 cells from HF embryos grew in aggregates of 20-30 358 16 cells where cellular morphology was hard to discriminate in the first two-three weeks 359 ( Fig. 1A) . Nevertheless, within eight weeks cells reached confluence and a distinct 360 morphologically heterogeneous population of round epitheliocytes, neuronal-, and 361 fibroblast-like cells were seen. Later, round cells (5-10 µm) became predominant. 362
These were isolated and cryopreserved ( Fig. 1B) . Currently, HIE-18 cells have been 363 successfully passaged over 200 times (Fig. 1C ). Ten of the remaining 22 primary 364 cultures developed into lines (passage 7 or less) and are currently stored in liquid 365 nitrogen. 366
Species confirmation using PCR and chromosomal analysis 367
HIE-18 cell identity was confirmed by amplifying the COI gene of approximately 920 368 bp size with Haematobia-specific primers. Both the HIE-18 cells and positive control 369 BF were amplified ( Fig. 2A ). HIE-18 cells were comprised predominantly of round 370 diploid cells with ten mitotic chromosomes or tetraploid cells with 20 chromosomes 371 ( Fig. 2B -C). Diploid cells had five pairs of chromosomes, two of which were sub-372 metacentric and three metacentric. There were no heteromorphic (sex) 373 chromosomes. 374
Identification of optimal culturing temperature and media for HIE-18 cells 375
Protein concentration was used as a measure of growth of the newly established 376 HIE-18 cell line incubated at four different temperatures (26, 28, 30 and 32 o C) ( Fig.  377   3A ). There was a significant difference in cellular replication at different temperatures 378 (one-way ANOVA: F 4, 10 = 237.1, p<0.0001). Highest protein concentration was seen 379 at 30 o C (2.6+0.72 mg), followed by 28 o C (2.33+0.79 mg) indicating the best growth 380 at these two temperatures. There was also a significant difference in the 381 concentration of protein in different culturing media (one-way ANOVA: F 4,10 =118.3, 382 p<0.0001) ( Fig. 3B ) with the HIE-18 cells growing best in Schneider's medium (2.74 383 + 0.11 mg) and 1:1 mix of Schneider's and L-15 culture media (2.49 + 0.13 mg). 384
Wolbachia replication in HIE-18 cell lines 385
It took multiple rounds of Wolbachia introduction into the HIE-18 cell lines to 386 establish persistent infections of wAlbB (two rounds), wMel (three rounds) and 387 wMelPop (two rounds). We saw a significant decrease in the density of Wolbachia 388 within 48 hours of infection: wAlbB (one-way ANOVA: Infected cells were grown at four different temperatures (26, 28, 30, and 32 o C) and 419
Wolbachia was quantified using a similar protocol to that described above ( Fig. 7) . 420
Overall, seven days of incubation at assigned temperatures resulted in significant 421 differences between temperatures in Wolbachia density of wAlbB-HIE-18 (one-way 422 ANOVA: F 4,10 =22.97, p<0.0001), wMel-HIE-18 (one-way ANOVA: F 4,10 =27.24, 423 p<0.0001), and wMelPop-HIE-18 (one-way ANOVA: F 4,10 = 39.99, p<0.0001). 424
However, there was a strain-specific response to temperature. In wAlbB-HIE-18 425 cells, Wolbachia density was highest at 28 o C and decreased with increase in 426 temperature above this (Fig. 7A ). wMel maintained highest density at 26 o C (Fig. 7B) , 427
whereas wMelPop density increased with the temperature, highest at 30 o C, but 428 decreased at 32 o C (Fig. 7C) . 429
Innate immune response of HIE-18 cell line against Wolbachia 430
Changes in H. irritans expression levels were investigated for the Imd (Immune 431 deficiency) pathway transcription factor Relish ( Fig 
DISCUSSION 446
Insect cell lines play a critical role in understanding vital biological processes and 447 insect-microbe interactions. Most mosquito cell lines were initiated with the intention 448 of studying mosquito-arboviruses interactions 49 . They have since been utilised in 449 studying molecular interactions between hosts and endosymbionts that are unable to 450 grow in the absence of host cells or tissues 50-52 . Here we report the establishment of 451 an H. irritans cell line (HIE-18) from embryos and studies of the interaction of HIE-18 452 cells with the endosymbiont Wolbachia. 453 20 Donor tissue plays a critical role in establishing insect cell lines. In the past, many 454 attempts using specific adult tissues have resulted in limited success with relatively 455 few significant exceptions 53 . Currently, the use of whole embryonic and neonate 456 larvae as an inoculant is a common approach as cells directly derived from this 457 tissue often grow and proliferate better 53 . We tried three different tissue sources as 458 inoculum to initiate the primary cell line from HF: whole embryos (egg), neonate 459 larvae and pupae. A major challenge to the establishment of the Haematobia cell 460 culture from larvae and pupae was avoiding microbial contamination. Despite the 461 use of multiple different disinfection protocols, fresh cattle manure used to maintain 462 the source Haematobia colony was speculated to be a primary source of 463 contaminant for the cell lines 54 . In embryonic culture, one of the flasks HIE-18 with 464 heterotypic cellular morphologies resulted in better cellular interaction leading to the 465 successful establishment of a cell culture system. In the HIE-18 cell line, cell types 466
with an approximately circular morphology have become predominant. 467
Frequently, primary cells have limited differentiation capabilities and undergo 468 senescence within a short period (40-50 generations for mammalian primary cells) 42, 469 55 . Sometimes, differentiation capabilities can be altered either naturally or through 470 mutation resulting in a continuously proliferating cell system 42 . The developed HIE-471 18 cell line has been subcultured through more than 200 passages, which equates to 472 more than 400 generations suggesting that the HIE-18 cells have formed a 473 continuous cell line. We have also thawed cryopreserved cells and in most instances 474 the thawed cells have been found to be mitotically active and viable, indicating that 475 HIE-18 cell line can be maintained for long term storage. Most available knowledge of insect cellular immune responses has been derived 501 from studies with either Drosophila or mosquito cells, but the immune response in 502
Haematobia species is less well understood. Cellular transinfection of insect cells 503 22 with Wolbachia from different host backgrounds has shown mixed results in 504 mosquitoes, and other dipteran species 19, 34, 49 . It took a number of attempts to 505 stably infect HIE-18 cell lines with Wolbachia as density in the infected HIE-18 lines 506 decreased significantly in the first 48 hours after introduction. To better understand 507 the initial interaction between the HIE-18 cells and Wolbachia, several gene 508 expression studies were carried out with the Imd pathway transcription factor Relish, 509
Toll pathway repressor gene Cactus, and three AMPs, Attacin, Cecropin, and 510
Defensin. The immune gene expression study suggested that wAlbB, wMel, 511 stably infected with wAlbB, wMel, and wMelPop which suggests a level of 519 permissiveness of Haematobia species to Wolbachia or that Wolbachia is able to 520 suppress or overcome the initial H. irritans innate response. 521
After the establishment of stable infections of Wolbachia in the HIE-18 cell line the 522 optimal medium and temperature to achieve maximum densities of Wolbachia were 523 determined. Microbial endosymbionts play an essential role in host metabolism by 524 nutrition provisioning, and vice versa 62 . Host nutrition and metabolism also influence 525 endosymbiont dynamics 62 previously seen with other insect species 68, 70 . This study has found that incubating 540
Wolbachia-infected cell lines at 28 o C will result in higher densities of Wolbachia, 541 which will be required for future transinfection of Haematobia spp. 542
CONCLUSION 543
We have successfully developed a continuous cell line from H. irritans (HIE-18) and 544
identified Schneider's cell culture medium and 30 o C incubation temperature as 545 optimal for growth. The density of Wolbachia (wMelPop, wMel, and wAlbB) 546 decreased in the HIE-18 cells within 36 hours of infection, associated with the 547 production of AMPs via the Imd immune pathway, but densities subsequently 548 recovered. Currently, HIE-18 cells stably infected with these three strains of 549
Wolbachia have been subcultured over 50 passages suggesting permissiveness of 550 the HIE-18 cells for growth of this bacterium. The Wolbachia described here, 551 adapted to and growing in high density in the Haematobia cell lines, will provide an 552 24 important resource toward the development of novel control approaches for buffalo 553 flies and horn flies. 554
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